The vascular effects of normal pregnancy were investigated by estimating the intima and media thicknesses of the common carotid artery separately using 22-MHz ultrasound (Collagenoson, Meudt, Germany) in 57 healthy women with normal pregnancies and pregnancy outcomes, in all three trimesters and at 1 yr postpartum. A thick intima, thin media, and high intima-to-media (I/M) ratio are signs of a less healthy artery wall. Mean artery wall layer dimensions remained fairly constant during pregnancy, but the intima thickness and I/M thickness ratio appeared to improve (decrease) postpartum (P Ͻ 0.001 for both). The cardiovascular risk parameters of age, body mass index, and blood pressure in the first trimester were associated with higher I/M ratios, especially in the second trimester, whereas higher serum estradiol levels were significantly associated with a lower I/M ratio. Changes from the first to second trimesters in I/M ratio, taking into account differential changes in intima and media thickness, were significantly (P Ͻ 0.05-0.001) associated with all risk parameters tested except age, which was associated with increased intima thickness (P ϭ 0.02). Associations with third trimester values and changes from first to third trimesters were similar but less apparent. Thus, fairly constant mean artery wall layer dimensions during pregnancy appeared to improve postpartum. However, higher age, body mass index, or blood pressure and lower serum estradiol levels in the first trimester appeared to negatively affect the artery wall, strongly suggesting that pregnancy has negative vascular effects in some women. A less likely explanation involves possible adaptation to physiological changes during and after pregnancy. pregnancy; carotid artery; intima thickness; media thickness; intimato-media ratio DURING NORMAL PREGNANCY, a number of cardiovascular changes occur; these help to adapt and adjust the body to the changed requirements caused by the pregnancy. The most well-known changes include an increase in blood volume, especially in the second trimester of pregnancy, generalized vasodilatation, and a decrease in both peripheral vascular resistance and blood pressure (BP) (1, 6). Normal pregnancy is also associated with an increase in arterial stiffness (18), mild systemic inflammation (3, 22), effects on lipids and lipoprotein profiles (12), and impaired glucose tolerance (2). These factors can all have negative effects on the architecture and function of the artery wall. However, estradiol has many well-documented beneficial effects on the architecture and function of artery walls (14), and circulating levels of estradiol rise dramatically during pregnancy. Prepregnancy estradiol levels of ϳ100 pg/ml (367 pmol/l) increase to ϳ15,000 pg/ml (55,050 pmol/l) at term (24).
DURING NORMAL PREGNANCY, a number of cardiovascular changes occur; these help to adapt and adjust the body to the changed requirements caused by the pregnancy. The most well-known changes include an increase in blood volume, especially in the second trimester of pregnancy, generalized vasodilatation, and a decrease in both peripheral vascular resistance and blood pressure (BP) (1, 6) . Normal pregnancy is also associated with an increase in arterial stiffness (18) , mild systemic inflammation (3, 22) , effects on lipids and lipoprotein profiles (12) , and impaired glucose tolerance (2) . These factors can all have negative effects on the architecture and function of the artery wall. However, estradiol has many well-documented beneficial effects on the architecture and function of artery walls (14) , and circulating levels of estradiol rise dramatically during pregnancy. Prepregnancy estradiol levels of ϳ100 pg/ml (367 pmol/l) increase to ϳ15,000 pg/ml (55,050 pmol/l) at term (24) .
The common carotid artery (CCA) intima-media thickness (IMT), estimated using 7-to 10-MHz ultrasound, is the gold standard for noninvasive assessment of the degree of atherosclerosis (8) , where a thicker CCA IMT is interpreted as negative. Reports of changes in the CCA IMT during pregnancy are rare. One small study (15) found fairly stable CCA IMT values, assessed once in each trimester. A recent metaanalysis (23) , however, suggested that the CCA IMT may not be useful for individual prediction of cardiovascular disease (CVD) events. The CCA IMT estimates the total thickness of the intima and media layers together, but histomorphometry (10) and intravascular high-frequency ultrasound have shown that the intima increases in thickness with increasing age and atherosclerosis, whereas the media decreases (9) . Therefore, we used noninvasive high-frequency (22 MHz) ultrasound to estimate the thickness of the intima and media layers of the artery wall separately. According to this technique, a thick intima, thin media, and a high intima-to-media (I/M) ratio indicate a less healthy artery wall (4, 11, 16, 19) . We have repeatedly found this principle preferable to assessment of the total CCA IMT with regard to the effects of aging and menopausal hormone replacement (16) and the prevalence of CVD (19) and conditions known to be associated with increased risk of CVD (4, 11) .
The aim of this study was to evaluate any changes in the absolute and relative dimensions of the CCA wall layer during normal pregnancy and in the postpartum period and to correlate these changes with cardiovascular risk factors.
MATERIALS AND METHODS
Sixty-nine women were included in the study on their first routine visit to two of Uppsala County's antenatal clinics between March 2008 and January 2010. The study population was from both urban and rural areas, with varying levels of education. Women were not included if they had chronic hypertension, renal disease, or diabetes mellitus or if they were pregnant with more than one fetus. Both nulliparous and parous women were included in the study. Twelve women were excluded (Fig. 1) . Thus, 57 women with a normal pregnancy and expected normal pregnancy outcome remained in evaluation during the third trimester evaluation. At the time of the postpartum examination, three women were pregnant again, and one woman had moved away from Sweden, leaving 53 women in the final evaluation (Fig. 1) .
Assessments during pregnancy and the postpartum period. Participants were examined three times during pregnancy: in the first, second, and third trimesters. Progression of the pregnancy was estimated from the first day of the last menstruation for the first trimester examination and from the scheduled ultrasound results at 16 -18 wk for the second and third trimester examinations. When the pregnancy length was recalculated for the first trimester assessment using the ultrasound results, we found that only four of the women had actually been in the second trimester at the time, by a maximum of 6 days. The ultrasound results indicated that the first examination was performed between gestational weeks 11 (ϩ0 days) and 13 (ϩ6 days), the second examination between gestational weeks 21 (ϩ4 days) and 24 (ϩ4 days), and the third examination between gestational weeks 34 (ϩ3 days) and 37 (ϩ5 days). The postpartum examination took place ϳ1 yr after the index delivery.
CCA wall layers were examined by high-frequency ultrasound at all the visits. Data regarding age, reproductive history, smoking habits, and family history of CVD were collected on the first visit. The women's height was also measured on the first visit, whereas weight and BP were measured on all visits. BP was taken on the right upper arm after ϳ15 min of rest, in the supine position, using an automated BP apparatus (Umedico, cuff size: 12 ϫ 35). Data were collected from the medical records regarding possible pregnancy-related complications, gestational week at delivery, mode of delivery, and birth weight of the baby. Preterm delivery was defined as delivery before gestational week 37 (ϩ0 days). A small for gestational age baby was defined as having a birth weight Ͼ2 SD below the mean birth weight for gestational age, according to the sex-specific Swedish fetal growth curves (13) .
At the postpartum examination, all but three women had restarted menstruation and all but three women had stopped breastfeeding. The women who had not restarted menstruation were on contraceptives, and the women who were still breastfeeding did this partially and had all restarted menstruation.
Estradiol analysis. A venous blood sample was collected from each woman at each examination. After collection, the blood samples were kept at room temperature for ϳ0.5 h before being centrifuged for 10 min at 2,000 g. Serum samples were separated and stored at Ϫ70°C until the level of estradiol was analyzed using a Cobas E instrument (Roche Diagnostics, Mannheim, Germany). The total coefficient of variation of the instrument for analyses was 2.6% at 13,000 pmol/l for estradiol.
Ultrasound assessment of the left CCA. CCA wall layers were imaged by high-resolution ultrasound equipment fitted with a broadband probe with 22-MHz center frequency (Collagenoson, Minhorst, Meudt, Germany). The method has been extensively described in previous studies (4, 11, 16, 19) . Artery wall layers were examined after the women had rested for ϳ15 min. During the examination, women were sitting in an upright position and looking straight ahead. The transducer was positioned perpendicular to the skin surface, at the point of maximal pulsation (ϳ6 cm above the clavicle) of the left CCA, in front of the sternocleidomastoid muscle. The depth of the penetration did not exceed 20 mm. The three-layer image of the pulsating near wall was identified: two echo-dense zones (the adventitia and the intima) with an echo-lucent area (the media) between followed by the echo-lucent artery lumen (Fig. 2) . Point estimates of the artery wall, not adjusted to the cardiac cycle, were thus obtained, and ϳ20 point estimates/participant were saved onto a computer. All artery wall layer scans were then measured offline by the same researcher (T. Akhter), who was blinded with regard to the time of examination. Mean values from ϳ10 technically acceptable measurements were calculated and used in the analysis. In our laboratory, the coefficients of variation were 4.1% for the total wall, 3.4% for the media, and 3.9% for the intima thickness (16) .
Statistical methods. Results are presented as means Ϯ SD. Wilcoxon's signed-ranks test was used to estimate changes in the variables between time points. Correlations between artery wall layer dimensions and estradiol levels, age, body mass index (BMI), and BP were assessed using the Spearman rank correlation test. The level of significance was set at P values of Ͻ0.05. Statistical analysis was performed using SPSS (version 20.0, SPSS Statistics, Chicago, IL) for Windows.
Ethics approval. The study protocol was approved by the local Ethics Committee of the Medical Faculty of Uppsala University. Informed written consent was obtained from each woman included in the study. Table 1 shows basal clinical characteristics of the study population. The mean age was 30 yr, 51% of the women were nulliparous, 49% of the women parous, and very few were current smokers (4%). Of the 13 previous smokers, only 2 women were recent quitters. Table 2 shows mean values for serum estradiol, BMI, BP, and CCA wall layer dimensions in the first, second, and third trimesters and postpartum. The mean BMI at inclusion in the first trimester was 24 kg/m 2 ; only two women were obese (BMIs of 33 and 32 kg/m 2 ). The mean thicknesses of the CCA intima and media layers and the I/M ratio remained fairly stable during pregnancy. However, by ϳ1 yr postpartum, the mean intima thickness and I/M ratio had decreased compared with all trimesters (P Ͻ 0.001 for all). CCA wall layer dimensions did not differ significantly between women who were current or previous smokers and those who had never smoked or between nulliparous and parous women. The combined IMT (CCA IMT) was also fairly stable during pregnancy and had decreased by 1 yr after delivery.
RESULTS
The associations between the cardiovascular risk parameters (all were within normal ranges) at the first trimester and CCA wall layer dimensions at each trimester are shown in Table 3 . Lower levels of serum estradiol, older age, and higher BMI and BP were often associated with a numerically thicker CCA intima layer, a thinner media layer, and a higher I/M ratio, especially in the second trimester. Thus, in the second trimester, taking into account differential changes in intima and media thickness, there was a statistically significant association between the I/M ratio and all tested CVD risk parameters (Table 3 ). A higher serum estradiol level was significantly associated with a lower I/M ratio, whereas higher age, BMI, systolic BP, and diastolic BP were all associated with a higher I/M ratio. In the third trimester, higher serum estradiol levels were significantly associated with lower values for intima thickness and the I/M thickness ratio (P Ͻ 0.05 for all), whereas other associations were less apparent compared with those in the second trimester.
With regard to changes in the artery wall dimensions from the first to second trimesters, the I/M ratio was significantly associated with all the CVD risk parameters tested except age (Table 4 ). More specifically, increased serum estradiol levels were associated with a reduced I/M ratio, whereas higher BMI, systolic BP, and diastolic BP were all associated with a higher I/M ratio. Furthermore, a higher age was associated with a higher intima thickness (P ϭ 0.02). Higher serum estradiol levels were associated with a higher media thickness (P Ͻ 0.05), whereas higher BMI, systolic BP, and diastolic BP were associated with a lower media thickness (P Ͻ 0.05 for all) in addition to their significant associations with the I/M ratio (see above). Similar but less apparent associations were found with regard to changes from the first to third trimesters (data not shown).
DISCUSSION
In this study, we found seemingly less healthy CCA wall layer dimensions during pregnancy compared with 1 yr after delivery. This finding might reflect real negative effects on the artery wall from increased arterial stiffness (18) , mild systemic inflammation (3, 22) , effects on lipids and lipoprotein profiles (12) , and impaired glucose tolerance (2) during pregnancy. Alternatively, the changes could be just normal adaptions to the changing physiology that occurs during and after pregnancy. We did not carry out any assessments before pregnancy. However, the mean values for intima thickness and the I/M ratio during pregnancy were very similar to those measured earlier in nonpregnant premenopausal women who were 10 yr older (mean age: 40 yr), and the artery wall layer dimensions at 1 yr postpartum seemed "healthier" than in those women (11) .
All the tested cardiovascular risk parameters had a significant association with the I/M ratio in the second trimester and all except age were significantly associated with the change in the I/M ratio from the first to second trimesters. Comparison n ϭ 57 subjects total.
with previous data indicated transient effects on artery wall layer dimensions during pregnancy. These effects could be real and caused by the negative cardiovascular profile during pregnancy, could be adaptations to the changes in physiology during pregnancy, or could be a mixture of both. Both the negative vascular profile and the pregnancy-related changes in physiology normalized in the postpartum period. However, the significant associations between known cardiovascular risk parameters (lower serum estradiol and higher BMI, systolic BP, and diastolic BP) and changes in artery wall layer dimensions were all logical and in the expected directions, suggesting negative effects on the artery wall rather than just normal adaptive changes to pregnancy-related physiology. Associations between CVD risk parameters and changes in artery wall layer dimensions from the first to third trimesters were similar to but less apparent than those from the first to second trimesters. The reason for this might be that during normal pregnancy, the most substantial effects and strains on the vascular system occur during the second trimester, in parallel with a substantial increase in plasma volume (1). The increased plasma volume would theoretically increase the diameter of the artery and thereby cause a thinning of the media layer and intima thickness. However, we found an increase in intima thickness combined with a decrease in media thickness, welldocumented signs of negative effects on the artery wall (9, 10) . Furthermore, the percent changes from pregnancy to 1 yr postpartum were much large for the intima than for media thickness. Thus, changes in the I/M ratio (summarizing differential changes in the intima and media) were less dependent on changes in media thickness in our data. The atherosclerotic process starts at an early age, but at ages similar to those in the present female population, raised plaques are seldom developed. However, intimal thickening is a very early sign in the development of atherosclerosis and also seems to be the artery wall layer that reacts/changes first and quickest, as shown in the present study as well as in our previous reports (4, 7, 11, 16, 19) . The seemingly positive effects of higher first trimester serum estradiol levels on artery wall layer dimensions in all trimesters was most apparent in the associations with the second trimester values and in the changes from the first to second trimesters. This finding could be a real effect, a result of other changes occurring during pregnancy that are associated with higher serum estradiol levels in early pregnancy, or a combination of both. However, the positive effects of higher estrogen levels have been supported in previous reports on the beneficial effects of estradiol in postmenopausal women (16) and the known positive effect of estrogens on the artery wall in general, including in premenopausal women (14) . Estrogen has direct effects on the artery wall that are mediated through estrogen receptors present in both vascular smooth muscle cells and endothelial cells and through direct membrane effects (14) .
In this study, we found seemingly improved CCA wall layer dimensions ϳ1 yr after delivery compared with the fairly (3) 25 (3) 28 (4) 24 (4) Systolic blood pressure, mmHg 114 (9) 113 (8) 114 (9) 111 (7) Diastolic blood pressure, mmHg 65 (7) 63 (7) 70 (6) 69 ( Values are Spearman rank correlation coefficients. CCA, common carotid artery. I/M ratio, intima-to-media ratio. *P Ͻ 0.05; †P Ͻ 0.005. stable values during pregnancy. This finding might be related to the mild systemic inflammation (3, 22) , increased arterial stiffness (18), altered lipid and lipoprotein profiles (12) , and impaired glucose tolerance (2) that occur in normal pregnancy, conditions that normalize in the postpartum period. Furthermore, serum estradiol levels are low during anovulation and amenorrhea early in the postpartum period (5), but, in our data at 1 yr postpartum, almost all the women had restarted menstrual periods and had mean serum estradiol levels corresponding to those of menstruating women. Our finding that there was no difference in artery wall layer dimensions between nulliparous and parous women could be explained by the fact that the majority of parous women in our study were primiparous. These findings are in accordance with the findings of Parikh et al. (17) , who showed only minimal differences in the later risk of CVD between primiparous and biparous women. In contrast, Parikh et al. (17) found that multiparous women (those who have given birth to Ͼ4 children) have a greater risk of CVD later in life than biparous women, indicating that permanent CVD may occur during pregnancy.
Other reports on changes in the carotid artery wall during pregnancy are rare. However, our main finding of fairly stable values for intima and media thickness and the I/M ratio during pregnancy is in accordance with results reported in a small study by Mersich and co-workers (15) . They (15) assessed the conventional CCA IMT measurement using a 7.5-MHz probe during each trimester in 12 pregnant women and found stable values for IMT throughout the pregnancy. A higher value for the CCA IMT is classically interpreted as a less healthy artery wall and vice versa (8) . However, a recent meta-analysis (23) found that the CCA IMT is not useful as an individual prediction of CVD events. When intima and media thicknesses are estimated separately, a thick intima, a thin media, and a high I/M ratio indicate a less healthy artery wall (4, 9 -11, 16, 19) . We have repeatedly found that the separate assessment of artery wall layer dimensions is superior to assessment of the total CCA IMT [see, for example, studies distinguishing 70-yr-old subjects with regard to prevalent CVD (19) , imaging the vascular effects of aging and menopausal estradiol therapy (16) , and monitoring recurrent depression in young women (4) ]. Furthermore, in young premenopausal women with systemic lupus erythematosus, we (11) found artery wall layer dimensions comparable with postmenopausal women who were 30 yr older. In contrast, when using the combined CCA IMT measurement, we (11) found that the artery wall in women with systemic lupus erythematosus was thinner and thus paradoxically healthier, a finding that has been previously reported when using the total CCA IMT measurement (21) .
We (20) have previously validated our method in an animal model, using young pigs. We found significant correlations between ultrasonographic and histological estimates of total wall thickness (in femoral and cutaneous arteries) and media thickness (in the cutaneous artery) in nonatherosclerotic arteries. No significant correlation was found for intima thickness, most likely because the limited variation in intima thickness in these young nonatherosclerotic pigs, impeding the possibility for testing correlation. However, intima thickness differed significantly between 70-yr-old subjects with and without prevalent CVD (19) .
The main strength of this study is that the artery wall layers were monitored prospectively during pregnancy, with a followup 1 yr after delivery. Furthermore, we assessed the different artery wall layers separately. One major limitation of the study, in relation to the finding of seemingly improved artery wall status 1 yr after delivery, is that we did not examine the women before pregnancy. However, we compared our data with our previous results from nonpregnant women, using the same technology for artery wall assessment (11) . The inclusion of both nulliparous and parous women in the study could also be seen as a possible limitation. However, we found no significant differences in artery wall layer dimensions between nulliparous and parous women. Because of relatively small size of the cohort, this study should be considered as a pilot study, and there is need for trial at a larger scale.
To the best of our knowledge, this is the first report of changes in the CCA wall during and after pregnancy, assessed using separate measurements of intima thickness, media thickness, and the I/M ratio, which takes into account differential changes in intima and media thicknesses. Compared with previous data obtained from nonpregnant women using the same technology, our results indicate either seemingly negative effects on the artery wall during pregnancy or alternatively just normal adaptive changes during pregnancy followed by a regression to healthier artery wall dimensions 1 yr postpartum. However, significant associations between cardiovascular parameters (all within normal limits) and the changes in artery wall layer dimensions strongly suggest that real effects occurred in the expected directions for all the vascular dimensions studied. Nonetheless, although it is less likely, we cannot totally exclude the possibility that the observed changes were just adaptations to the physiological changes that occur during and after normal pregnancy. Results from this study will be used in further studies to compare these data with data from women with pregnancy complications.
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